Left ventricular (LV) twist serves as a compensatory mechanism in systolic dysfunction and its degree of reduction may reflect a more advanced stage of disease. Aim: The aim was to investigate twist alterations depending on the degree of functional mitral regurgitation (MR) by speckle-tracking echocardiography. Methods: Sixty-three patients with symptomatic dilated cardiomyopathy (DCM) were included. Patients were divided according to MR vena contracta width (VCW): group 1 with VCW <7 mm (mild/moderate MR) and group 2 with VCW ≥7 mm (severe MR). Results: There were no differences in LV geometry and function between groups. Group 2 showed lower endocardial basal rotation (BR) (-2.04° ± 1.83° vs. -3.23° ± 1.83°, p = 0.012); epicardial BR (-1.54° ± 1.18° vs. -2.31° ± 1.22°, p = 0.015); endocardial torsion (0.41°/cm ± 0.36°/cm vs. 0.63°/cm ± 0.44°/cm, p = 0.033) and mid-level circumferential strain (CSmid) (-6.12% ± 2.64% vs. -7.75% ± 2.90%, p = 0.028), when compared with group 1. Multivariable linear regression analysis identified endocardial BR, torsion and CSmid, as the best predictors of larger VCW. In the ROC curve analysis, endocardial BR and CSmid values greater than or equal to -3.63° and -9.35%, respectively, can differentiate patients with severe MR. Conclusions: In DCM patients, torsional profile was more altered in severe MR. Endocardial BR, endocardial torsion, and CSmid, can be used as indicators of advanced structural wall architecture damage.
DOI: 10.1159/000485967 function. DCM with altered LV geometry affects rotational mechanics. Twist serves as a compensatory mechanism in the case of systolic dysfunction, and its degree of reduction may reflect a more advanced stage of disease. In the dilated left ventricle, the fiber muscles in both layers are stretched and oriented more circumferentially, which leads to additional reduction in chamber contractility and torsion [2, 3] . In addition to LV dilation, chronic MR would reduce LV twist even more, because of the decrease in lever arm force of the epicardial fibers [4] . Thus, twist and torsion may be a sensitive marker of remodeling of LV wall architecture, useful in the monitoring of disease progression and response to therapy. However, the importance of LV twist assessment in clinical practice still has not been established.
We hypothesized that severely reduced torsional parameters in DCM, with systolic dysfunction and secondary MR, may distinguish patients with more advanced LV remodeling from those with the potential for reverse remodeling. This can be used for guiding management and defining prognosis in these patients. The aim of this study was to assess alterations in twist mechanics depending on the degree of MR, using 2-dimensional (2D) STE.
Methods

Study Population
Prospective consecutive patients with DCM were studied, who had LV ejection fraction (EF) <45% and end-diastolic diameter (EDD) >58 mm or indexed EDD >31 mm/m 2 for males and 32 mm/m 2 for females. All patients were NYHA functional class III and IV of heart failure. Primary MR, other significant valve lesions or valve prosthesis, atrial fibrillation, LV noncompaction, implanted pacemakers and devices for cardiac resynchronization therapy (CRT) or planned CRT, cardiac surgery, and a poor acoustic window were exclusion criteria. Patients with ischemic DCM who had undergone revascularization by percutaneous coronary intervention and those with coronary artery bypass grafting were ruled out. Patients technically unsuitable for speckle-tracking analysis were also excluded. Finally, 63 patients with idiopathic or ischemic DCM were included in the study. All of them received treatment with beta-blockers, diuretics, mineralocorticoid receptor antagonists, and angiotensin-converting enzyme inhibitors or angiotensin-receptor blockers, unless they were contraindicated. Before the echocardiographic examination, blood pressure was measured and body surface area was calculated.
The study was approved by our ethics committee and all patients agreed with the study protocol.
Echocardiography
The transthoracic echocardiographic examination was performed using the ultrasound machines: Philips iE33 and Philips EPIQ7, by one operator. Three consecutive cardiac cycles with a frame rate >50 Hz for all views were acquired. Conventional parameters were obtained according to guidelines for chamber quantification, with measurements of LV dimensions, volumes, EF (by the Simpson biplane method), and sphericity index (LV short-tolong-axis dimension ratio in end-diastolic apical 4-chamber view) [5] . Mitral filling by pulsed Doppler at the tips of the mitral leaflets and medial mitral annulus velocities by tissue Doppler imaging were measured in the apical 4-chamber view [6] . MR was assessed semiquantitatively by the measurement of vena contracta width (VCW) from the parasternal long axis and apical 4-chamber views. The color scale was set at an appropriate aliasing velocity. The narrowest part of the regurgitant jet was measured on zoom and the average value was calculated. Severe MR was defined as VCW width ≥7 mm [7] .
Patients were divided into 2 groups according to the degree of MR: group 1 with mild or moderate MR and group 2 with severe MR. STE was performed according to the consensus document of the EACVI/ASE/Industry Task Force for the standardization of deformation imaging [8] . 2D views for speckle-tracking analysis were acquired from the parasternal short-axis at the level of the mitral valve, papillary muscles, and apical levels. The apical shortaxis view was obtained without visualization of the right ventricle or with the smallest right ventricular area. Apical 4-chamber, 2-chamber, and 3-chamber views were used for the measurement of longitudinal strain.
Off-line analysis of deformational and rotational LV parameters was performed by a single operator, with measurement of peak systolic values. Region of interest was adjusted to accommodate the whole thickness of the LV wall and automatic tracking with manual correction was performed where needed. Circumferential strain (CS) was measured at the basal (CSbas) and mid (CSmid) short-axis level. The software automatically divided the LV level into 6 segments. Global longitudinal strain (GLS) was calculated form 3 apical views in a 17-segmental model.
Basal rotation (BR) and apical rotation (AR) were assessed in both the endocardial and epicardial LV layers, and then used for the calculation of twist and torsion. As viewed from the apex, counterclockwise rotation is expressed as positive values and clockwise rotation as negative values. Peak BR was defined as the maximal negative value of curves from the short-axis base. AR was defined as the maximal positive values of curves on the apical short-axis view. Preserved AR was indicated by a counterclockwise positive direction and reversed rotation was defined as a negative clockwise rotation. Endocardial and epicardial LV twist was defined as the difference between the values of the peak rotations at the apical and basal level at isochronal time points. The twist is preserved when it is positive and has a normal systolic profile, and it is lost when there is negative AR and small negative BR. LV torsion or normalized twist (°/cm²) was defined as the twist angle divided by the distance between measured locations of the base and apex (LV twist/end-diastolic LV length) [2] .
Statistical Analysis
The distribution across the groups was tested with the Kolmogorov-Smirnov test.
Normally distributed continuous variables were presented as mean ± SD and compared using the parametric test (independentsamples t test). The variables with skewed distribution were presented as medians and tested with nonparametric methods (the Mann-Whitney 2-samples test). Categorical variables were expressed as counts and percentages, and analyzed with the χ 2 the Fisher exact test. Bivariate correlation with the Pearson correlation coefficient was used to test the relationship between VCW and echocardiographic parameters of LV size, function, and mechanics. The best independent predictors of VCW were identified by linear stepwise regression analysis. Analysis of the area under the receiver-operating characteristics (ROC) curves was used to establish the cut-off values of the best parameters, in order to distinguish patients with severe MR. To assess intraobserver variability and reproducibility, a second measurement of the same echocardiographic loops over time in 10 randomly chosen subjects was performed. Variability was calculated as the absolute difference between 2 sets of measurements, divided by their mean minus mean percent error. The size of measurement error was presented as standard deviation (SD) of repeated measurements on the same patient. Repeatability, representing measurement error was calculated as (√2 × 1.96) × SD. To test reproducibility, the intraclass correlation coefficient (ICC) for single measures was used, with a value of 1 representing a perfect correlation. Reliability analysis with a two-way mixed-effects model and an absolute agreement type was performed.
Statistical analysis was performed with IBM SPSS for Windows v20. A two-tailed p value <0.05 was considered statistically significant.
Results
A total of 63 patients with DCM were enrolled, 46 (72%) were male. Mean age was 61 ± 13 years (range 34-84 years). Thirty-four patients had idiopathic DCM and 29 had ischemic DCM. There were no statistically significant differences in age, gender, body surface area, blood Values are expressed as mean ± SD, unless otherwise indicated. LV, left ventricular; MR, mitral regurgitation; E/A ratio, early E-wave to late A-wave ratio of diastolic mitral filling; Sm, systolic velocity of medial mitral annulus; E'm, early diastolic velocity of medial mitral annulus; E/E'm ratio, mitral E-wave to early diastolic velocity of medial mitral annulus E'm ratio.
DOI: 10.1159/000485967 pressure, and LV indexed volumes and EF between patients with different etiologies of DCM. Patients were divided into 2 groups according to the degree of MR: group 1 with mild or moderate MR (VCW <7 mm, n = 34) and group 2 with severe MR (VCW ≥7 mm, n = 29). Clinical characteristics are described in Table 1 . There were no differences in age, gender, systolic blood pressure, and heart rate between the 2 groups.
Conventional Echocardiography and STE
Echocardiographic LV parameters are presented in Tables 2 and 3 . The t test analysis showed that the 2 groups had altered LV variables of size and function, but a similar EF. In patients with severe MR, there was a tendency towards a higher end-systolic dimension index, end-diastolic and end-systolic volume indices, and GLS, but no statistical significance was reached. CS at the papillary muscle level was more significantly decreased (-7.75 ± 2.90 vs. -6.12 ± 2.64%, p = 0.028). More severe alteration of torsional parameters with lower endocardial and epicardial twist (5.56° ± 3.59° vs. 3.44° ± 2.96°, p = 0.019; and 3.95° ± 2.37° vs. 2.66° ± 2.47°, p = 0.043, respectively) and endocardial and epicardial torsion (0.63°/cm ± 0.44°/cm vs. 0.41°/cm ± 0.36°/cm, p = 0.033; and 0.46°/cm ± 0.31°/ cm vs. 0.31°/cm ± 0.28°/cm, p = 0.050, respectively) were observed. Endocardial BR (-3.23° ± 1.83° vs. -2.04° ± 1.83°, p = 0.012) and epicardial BR (-2.31° ± 1.22° vs. -1.54° ± 1.18°, p = 0.015) were more significantly depressed but AR did not reach statistical significance. Reversed AR was observed in 16 patients, 10 of whom (34.5%, p = 0.15) had severe MR. When patients with reversed AR were excluded from the analysis, only endocardial twist remained significantly decreased in the group with severe MR (6.27° ± 2.95° vs. 4.69° ± 2.29°, p = 0.048).
Correlated Factors and Predictors of the Severity of MR
Pearson correlations between VCW and LV indexed volumes, EF, GLS and rotational and torsional parameters were presented in Table 4 . All parameters showed statisti- ROC curve analysis showed that LV endocardial BR greater than or equal to -3.63°, with an area under the curve (AUC) of 0.68 (p = 0.018), identified severe MR (95% CI 0.54-0.82) with a sensitivity of 85% and specificity of 70%. The CSmid cut-off value of -9.35% distinguished patients with severe MR (95% CI 0.51-0.0.79) with an AUC of 0.65 (p = 0.04) with a sensitivity of 85% and a specificity of 73% (Fig. 3) .
Variables of intraobserver variability, repeatability, and reproducibility of rotational parameters used for deriving twist (AR° -BR°) and torsion (twist°/LV length, cm) are presented in Table 5 . The SD over 2 measurements was 0.40° for endocardial twist and 0.47° for epicardial twist. Repeatability was good for all parameters and indicated that, in 95% of repeated cases, the deviation of the second measure will be less than the repeatability value. High ICC between 2 measurements showed 
Discussion
This study demonstrated that LV BR, twist, and torsion were significantly more reduced in patients with severe MR, despite similar LV size, geometry, and EF. LV endocardial BR, endocardial torsion, and CSmid were the best correlates of severe MR.
Changes in LV mechanics in DCM have been wellstudied. The value of LV twist may encourage the implementation of LV twist parameters in the "diagnostic toolbox" for cardiomyopathies [9] . Twist and torsion may add additional important information about LV function to conventional echocardiographic parameters.
Based on these data, we studied torsional mechanics in patients with DCM and different degrees of MR and hypothesized that patients with more severe MR would have more attenuated twist and torsion. Our DCM patients had very decreased parameters of twist mechanics and BR, twist, and torsion were even more reduced in the group with severe MR. Severe alterations in torsional mechanics in DCM patients in comparison to healthy individuals have been reported. Decreased endocardial circumferential-longitudinal shear, which represents LV torsion, was found using magnetic resonance imaging [10, 11] . Magnetic resonance imaging with tissue tagging is accepted as a gold standard, since it is able to create noninvasive markers over the entire myocardium [12, 13] . Echocardiographic measurement of rotation and twist in healthy persons by Philips machines was reported [14, 15] . The mean values were: BR -3.4° ± 0.6°, AR 6.6° ± 1.9°, and twist 10.02° ± 2.1° [15] .
Comparison of the groups with mild/moderate and severe MR did not reveal statistically significant differences in LV size, volumes, EF and sphericity index, although the severe-MR group had slightly increased LV volumes. Deformational and torsional parameters appeared to be more sensitive markers for LV function. Patients with severe MR had more altered BR and LV twist and torsion but had no significant differences in AR. AR was reduced to approximately the same extent in both groups, but the base rotated less in severe MR. Reversed AR was found in 10/29 patients from group 2 and in 6/34 patients from group 1. After excluding these patients from the analysis, the difference in AR between the 2 groups did not change. Reversed AR was identified in cases with severe LV remodeling [16] , which could be explained by a higher LV sphericity with consequent widening of the apex. Apical fiber orientation changes in a similar manner to the fibers in the basal part of the ventricle. Ascending and descending apical loop fibers lose their oblique arrangement at around 60° and become more transverse up to approximately 90°.
Since twist represents the net difference between AR and BR, the more decreased BR in patients with severe MR and the similarly reduced AR in the 2 groups, led to lower twist in group 1. Torsion represents the ratio of twist-to-LV length, and due to a lack of significant difference in LV length, torsion was also much reduced in group 1 patients. We found LV endocardial BR, endocardial torsion, and CSmid to be strong predictors for MR VCW ≥7 mm. Cut-off values of endocardial BR and CSmid greater than or equal to -3.63° and -9.35%, respectively, may identify patients with severe MR.
LV rotational mechanics in MR has been investigated predominantly in patients with functional MR in the setting of acute myocardial infarction, [17] primary MR for the identification of subclinical LV dysfunction, or for the prediction of postoperative LV function [18] . However, the data regarding LV twist mechanics in secondary MR due to DCM are sparse. The value of LV rotational parameters as well as of twist, lies in the additional information about the degree to which LV architecture and function are impaired, independently of similar LV size, geometry, and systolic and diastolic function. Recently, Notomi et al. [19] tested whether the preservation of LV torsion, defined as the net difference between the rotation angles of the apical and basal levels, is a prognostic indicator of outcome after mitral surgery for MR in patients with DCM. It is debatable which strategy for the treatment of severe functional MR is best when there is primary myocardial disease and severe systolic dysfunction. In symptomatic patients with severe MR and EF >30%, surgery is indicated when coronary artery bypass grafting is to be performed (NYHA class I, level C) and should be considered for patients with EF <30% when an option for revascularization exists (NYHA class IIa, level C), or when EF is >30% with no need of revascularization but there is low comorbidity (NYHA class IIb, level C) [1] . According to the 2017 AHA/ACC focused update of the guidelines for the management of patients with valvular heart disease, valve surgery is recommended for severe secondary MR with persistent NYHA class III-IV or IIb symptoms. Now, for the first time, the preference of chordal-sparing valve replacement over annuloplasty repair is proposed in such cases (NYHA class IIa) [20] .
The prognosis after mitral surgery depends on the effect of volume unloading, i.e., the "reverse remodeling viability" [21] . A higher LV sphericity index, more altered systolic torsion, and a greater degree of myocardial fibrosis represent more limited reverse remodeling viability. The degree of LV contractile reserve assessed by inotropic stimulation in chronic symptomatic heart failure, [22] may play a part in the recommendations for mitral valve surgery. The lack of response to CRT may also be an indirect marker of limited contractile reserve or remodeling viability [23] .
In a series of 50 symptomatic patients with severe secondary MR in nonischemic DCM, 19 died during the follow-up period of 2.5 years [19] . Baseline LV size and shape were not statistically significant different and EF was identical in survivors and nonsurvivors, but LV torsion was higher in survivors. Assessing LV torsional mechanics may have prognostic information for the outcome of mitral valve surgery. This study demonstrated that the loss of torsion reflects irreversible structural heart damage, which makes reversed remodeling impossible after surgery. This conclusion may expand the prognosis after mitral valve surgery beyond LV improvement. Being able to identify loss of torsion may predict which patients will not benefit from surgery and which will improve with medical treatment.
Analysis of the interaction between MR and LV twist has shown that MR results from LV geometric and structural remodeling, with alterations of the mitral annulus and valvular and subvalvular apparatus. Mitral orifice and LV characteristics such as longitudinal contractility and asynchrony were identified as determining factors of functional MR [24] . In contrast, MR itself causes torsional alterations. Torsion expresses the balance between the epicardial and endocardial layers and participates in the production of a more homogenous transmural distribution of stress and fiber strain in the systole [25, 26] . In the case of impaired torsion, the distribution of stress and strain becomes heterogeneous and leads to LV remodeling. Thus, a vicious cycle is generated and "MR begets MR". In clinical practice, the final wall architectural alterations can be assessed by rotation and twist using STE.
Measurement of LV longitudinal strain is recommended as part of echocardiographic examination, but torsional mechanics is not yet integrated in clinical practice [8, 27] . Our intraobserver reproducibility for rotational parameters was very good, in agreement with the results of other studies. The method of tracking endocardial and epicardial points showed repeatability of endocardial and epicardial twist, i.e., 1.11° and 1.31°, respectively. Van Dalen et al. [28] reported repeatability of twist by speckle tracking on a Philips iE33 machine 2.3. They also had good interobserver reproducibility, with the conclusion that studying changes in LV rotation over time is possible. The ICC values for both endocardial and epicardial twist in our study indicated excellent reliability, demonstrating that one operator using the same vendor facilitates an accurate assessment of torsional mechanics in patients.
Study Limitations
Our results have to be considered within the context of several limitations. The study population was small and came from a single center. There was no control group of healthy individuals, but we used reference values from other 2D STE studies on the Philips machine to show that LV strain and torsional mechanics in DCM were very depressed. The width of QRS-complex was not analyzed. There were no patients with left bundle branch block, and the sample consisted of patients for whom CRT devices were not suitable. For assessment of the degree of MR, the semiquantitative method for the vena contracta was used. However, there are data that the PISA method underestimates the severity of MR due to a crescent form of regurgitant orifice [7, 29] . Additionally, the measurement of VCW is more convenient and a faster method in routine clinical practice. Data on patients' adverse events, worsening heart failure, mitral valve surgery, and cardiovascular and all-cause mortality rates were not collected. These would be very important for prognostic outcome purposes.
Conclusion
In symptomatic NYHA III-IV class patients with DCM, the torsional profile was altered to a higher degree in cases with severe MR. LV endocardial BR, endocardial torsion, and CSmid may be used as markers of more advanced structural wall damage.
